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Summary
The field of optomechanics was born around the same time physics was born (1600s): the
first documented observation of radiation pressure was made by Johannes Kepler [1] in 1619
during his study of comet tails, and the first experimental examinations were performed in
1901 by Lebedev [2], Nichols and Hull [3], in accordance with the quantitative predictions
made by Maxwell in 1873 [4].
Research continued then over the 20th century, and after the invention of the laser a
thorough investigation of optomechanical phenomena became possible: the ‘70s [5] saw
the birth of optical trapping, optical tweezers and the cooling of mechanical oscillators,
in conjunction with the observation, by Braginsky [6], of coupling between mechanical
motion and light in a resonator. Afterwards, the ‘80s and the ‘90s were dedicated to the
theoretical developement of quantum cavity optomechanics [7,8] and, finally, in the late
2000s the experimental applications started [9], ranging from the macroscopic scale (the
LIGO interferometer, for example) to the microscopic one (nano-mechanical cantilevers,
nano-membranes and a wide range of devices)1.
Optomechanics can be divided into two sub-fields:
• classical optomechanics: the manipulation of masses and objects via radiation pressure,
along with the use of very small masses in ultrasensitive measurements, such as
atomic force microscopy
• quantum optomechanics: cooling and testing the quantum limit of massive (1014 atoms)
objects and hybrid systems where the mechanical motion couples with quantum fields
(single photons, qubits, etc.)
The popularity of cavity optomechanics is growing, as suggested by the number of
related research groups and publications in the past few years, but the field has not yet
1For a more complete historical review, see [10] and [11].
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been developed in the Terahertz region of the spectrum.
The purpose of the present thesis is exactly the use of THz radiation (generated by
a quantum cascade, or QC, laser device) to induce a basic effect of radiation pressure:
shine a THz laser beam at a polymeric bilayer nanofilm (polystyrene and gold) and detect
a possible deformation of said film. Hence it is a work on classical optomechanics; the
ultimate idea would be to implement an external cavity for a THz quantum cascade laser,
power-tunable as the radiaton pressure alters the dimension of the cavity.
The 1st chapter is dedicated to a brief review of cavity optomechanics, from both the
classical and quantum mechanical point of view, followed by the main properties of the QC
laser and the distributed feedback architecture exploited to build the lasing device used in
the present work; the 2nd chapter is about the fabrication process and the characteristics
(emission, beam profile) of the laser. The 3rd and last chapter describes the study of
the membrane, subjected first to radiation in the visible spectrum (with a He-Ne laser of
known power), and then to a THz beam: a deformation was observed in the first case but
unfortunately not in the second, since the power of the laser was not enough to elicit a
detectable deformation.
A close investigation also brought up that the observed effect was not optomechanical
but it was photothermal: this outcome is indeed common during the design and the setup
of an optomechanical device, to the point that the two phenomena are intertwined in many
applications, and are the shared cause of more than one effect on the optomechanical
behaviour of oscillators [12,13].
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Chapter 1
Terahertz optomechanics
1.1 A brief review of cavity optomechanics
1.1.1 Principles
The basic optomechanical setup consists of a cavity resonator with a movable mirror (as
shown in figure 1.1): such an apparatus combines an optical resonator with a mechanical
one, and the interaction between the two oscillators happens thanks to radiation pressure.
Figure 1.1: Elementary optomechanical setup, with a Fabry-Pe´rot cavity. [14]
Qualitatively, light from an external source (a laser) enters the cavity, it impinges on the
moving mirror and each photon tranfers a momentum to the moving part (the mechanical
oscillator): the displacement, however small, changes the length of the cavity and, as a
consequence, it changes the resonance frequency for the cavity. In turn, the mechanical
displacement is modified by the new momentum transfer, and so on: this interaction
generates a change in the phase of the light field with a dependance on the intensity of
the incident light, thereby creating two sidebands in the frequency spectrum of the optical
field, as shown in figure 1.2a.
1
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The radiation pressure interaction can be exploited to modify the dynamics of the mechanical
oscillator (dampening and cooling, for example), or to generate entanglement between the
two types of oscillation, optical and mechanical.
Optical resonator
The figures of merit of an optical resonator, a Fabry-Pe´rot for example, are the length of
the cavity L, which gives the angular frequency of the resonances ωn = npi
c
L , where n is
the mode number, and the free spectral range of the cavity ∆ωFSR = pi
c
L , which indicates
the separation between two consecutive modes.
A non-ideal Fabry-Pe´rot also calls for the definition of finesse, i. e. the general number of
round trips that a photon can take before leaving the cavity,
F .= ∆ωFSR
κ
(1.1)
where κ is the cavity decay rate, often expressed as the sum of two terms
κ = κext + κint (1.2)
where κext is the loss rate given by the coupling with the external environment and κint is
the sum of the internal losses. In addiction one needs to define the quality factor
Qopt =
ωc
κ
(1.3)
where ωc is a generic resonance mode (a single mode is usually considered in a theoretical
description).
Mechanical resonator
A mechanical resonator can be described by the simple motion of a harmonic oscillator:
mx¨(t) +mγmx˙(t) +mω
2
mx(t) = Fext(t) (1.4)
where m is the effective mass of the oscillator, γm is a damping factor that is assumed
to be frequency independent, and Fext is the sum of all the external forces acting on the
oscillator. The variable x(t) is the amplitude of the oscillation and ωm is the natural
frequency of the oscillator (i. e. the frequency of the un-damped and un-driven oscillator).
2
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If the external force is due only to a thermal bath, which would be the case in an oscillator
that is not coupled with anything but the non-zero temperature of its surroundings, then
Fext(t) becomes [14]
Fth =
mγmkBT
pi
(1.5)
where kB is Boltzmann’s constant.
Since it is damped, the mechanical oscillator will also have a Q-factor, given as
Qm =
ωm
γm
. (1.6)
Switching to a quantum mechanical formalism, the harmonic oscillator can be illustrated
by the hamiltonian
Hˆ = h¯ωmbˆ
†bˆ+
1
2
h¯ωm (1.7)
where x and its derivatives from the classical hamiltonian were substituted with their
quantum equivalents, which were in turn expressed as functions of the creation and
annihilation operators bˆ† and bˆ.
The position, the momentum and the number of the eigenstate of the hamiltonian can be
written respectively as
xˆ = xZPF (bˆ+ bˆ
†) pˆ = −imωmxZPF (bˆ+ bˆ†) n = 〈bˆ†bˆ〉 (1.8)
where
xZPF =
√
h¯
2meffωm
(1.9)
is the zero-point fluctuation of the spatial coordinate, i. e. the width of x(t) in the ground
state (typical values are ∼ 10−15 m.)
Optomechanical formalism
According to a classical formalism, the radiation pressure from the light in the optical
cavity is viewed as part of the external force in the mechanical oscillator equation, that
becomes
mx¨(t) +mγmx˙(t) +mω
2
mx(t) = Fth(t) + Frad(x(t)) (1.10)
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where Frad is the force of the radiation pressure, and it is dependent on x because Frad ∼ I/c
is proportional to the light intensity I, which in a Fabry-Pe´rot e´talon depends on the
length of the resonator [15].
A mathematical solution of equation 1.10 [14,16] produces an effective frequency and an
effective damping rate
ωeff (ω) = ωm
(
1 +
4pi∆I
λκ2Lmω2m
[
1− ω
2 + ∆2
κ2
]−1)
(1.11)
γeff (ω) = γm
(
1 +
4pi∆I
λκ2Lmω2m
Qκ
ω
)
(1.12)
where ∆ is the detuning ωc − ωL between the resonance frequency of the cavity and the
frequency of the driving radiative field. A change of variable has been operated by applying
the Fourier transform on quantities that bear a time dependency:
x(t)→ x(ω) =
∫
x(t)eiωtdt (1.13)
These effective quantities serve the purpose of describing the dynamics of the optomechanical
laser-driven oscillator while preserving the formalism of the simple mechanical oscillator:
ωeff (ω) is the new resonance frequency, while γeff (ω) represents the new damping factor,
and they enclose the dependency from the light intensity, the detuning and the quality of
the cavity.
The equation of the mechanical oscillator hence becomes
mx¨(ω) +mγeff (ω)x˙(ω) +mω
2
effx(ω) = Fth(ω) + Frad(x(ω)). (1.14)
Furthermore, an effective temperature can replace the temperature from 1.5, as
Teff = T
γm
γeff
, (1.15)
which gives the idea of how, by manipulating the parameters so that γeff increases, the
mechanical oscillation mode can be cooled.
Switching again to the quantum mechanical framework, the hamiltonian of the uncoupled
system reads
Hˆ0 = h¯ωc〈aˆ†aˆ〉+ h¯ωm〈bˆ†bˆ〉, (1.16)
where aˆ† and aˆ are the creation and annihilation operators for the light field. Zero-point
energy terms are omitted from this point onwards.
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The radiation pressure in the Fabry-Pe´rot cavity is formalised as
〈Fˆ 〉 = 2h¯k 〈aˆ
†aˆ〉
τc
= h¯G〈aˆ†aˆ〉 (1.17)
where τc = 2L/c is the cavity round-trip time and G =
ωc
L is called frequency pull, a
description of the change of frequency due to the mirror position.
The effect of the moving mirror on the optical mode of the cavity is given by
ωc(xˆ) ' ωc + xˆ∂ωc
∂xˆ
= ωc − xˆG (1.18)
which inserts the radiation pressure force in the hamiltonian.
By applying
h¯ωc(xˆ)aˆ
†aˆ = h¯aˆ†aˆ(ωc − xˆG) = h¯aˆ†aˆ(ωc − xZPFG(bˆ+ bˆ†)) (1.19)
an interaction term is added to the hamiltonian 1.16, in the shape of
Hˆint = −h¯GxZPF aˆ†aˆ(bˆ+ bˆ†) = −h¯g0aˆ†aˆ(bˆ+ bˆ†) (1.20)
where g0 = GxZPF is the vacuum optomechanical coupling strength (dimensionally a
frequency), and corresponds to the frequency shift of the cavity when the displacement is
xZPF . This is the hamiltonian that depicts the optomechanical interaction at the quantum
level.
The radiation pressure corresponds also to the derivative of Hˆint:
Fˆ = −dHˆint
dxˆ
= h¯
g0
xZPF
aˆ†aˆ. (1.21)
It is noteworthy to see that the interaction is not linear: three operators are involved at
the same time, so formally the optomechanical interaction is a three-wave mixing.
This (Hˆo+Hˆint) could represent the whole hamiltonian for the quintessential optomechanical
system, with added terms to portray decays, other interactions and fluctuations. The com-
mon formalism, however, is narrowed to a linear approximation (linearized optomechanics),
for the mere purpose of avoiding lengthy calculations.
Linearized optomechanics
The cavity optical field is split in two terms: average (α) and fluctuating (δaˆ), with an
added exponential term that points out how the inside optical field is given by the external
laser, transforming aˆ in
5
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aˆ = (α¯+ δaˆ)e−iωLt. (1.22)
The time dependency, however, can be excluded by changing the frame of reference to the
one rotating at the input radiation frequency, with the transformation
Uˆ = eiωLaˆ
†aˆt (1.23)
(ωL being the laser frequency), applied to the hamiltonian, which in turn becomes
Hˆ = Uˆ(Hˆ0 + Hˆint)Uˆ
† + ih¯
∂Uˆ
∂t
= −h¯∆aˆ†aˆ+ h¯ωmbˆ†bˆ− h¯g0aˆ†aˆ(bˆ+ bˆ†) (1.24)
where ∆ is the laser detuning ∆ = ωL − ωc, already seen in 1.11 and 1.12.
The linearization is then added to the aforementioned hamiltonian, and the interaction
part, transformed and linearized, becomes
Hˆint = −h¯g0
√
n¯cav(δaˆ
† + δaˆ)(bˆ+ bˆ†), (1.25)
where α¯ =
√
n¯cav is the square root of the number of photons in the cavity. The term
with |α¯2| corresponds to the average classical radiation pressure and it has been taken
out of the interaction factor (a simple normalization) because a constant force applied to
an oscillator doesn’t change its characteristics (in the same way a gravitational field, for
example, does not change the resonance frequency of a spring), while the term with δaˆ†δaˆ
is omitted because it is smaller than first-order terms.
The new parameter g = g0
√
n¯cav is introduced and named optomechnical coupling strength
and, unlike g0, it also depends on the intensity of the driving laser. The interaction happens
when g exceeds both the optical and the mechanical decoherence rates [17] and the strength
of the coupling is classified according to the optomechanical coupling strength:
• g < κ→ weak coupling: it doesn’t allow the observation of quantum effects;
• g > (κ,γm)→ strong coupling: it leads to hybridisation of optical and mechanical
modes;
• g > (κ,γmkBT/h¯Qm) → quantum-coherent coupling: it enables full control of the
mechanical quantum states with the optical field [17];
• g0 > κ→ single photon strong coupling: albeit harder to obtain than the previous
conditions, it permits the observation of non-linear quantum effects.
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1.1.2 Main properties
The solution of the Langevin equations of the linearized hamiltonian gives the effective
mechanical frequency and damping rate of the optomechanical system driven by radiation
pressure [14]:
ωo.m.eff (ω) =
(
ω2m −
2g∆ωm(κ
2 − ω2 + ∆2)
[κ2 + (ω + ∆)2][κ2 + (ω −∆)2]
)1/2
(1.26)
γo.m.eff (ω) = γm +
2g∆ωmκ
[κ2 + (ω + ∆)2][κ2 + (ω −∆)2] (1.27)
The modification in the oscillation frequency is called optical spring effect, and with the
change in the damping rate it is susceptible to the sign and the magnitude of ∆ [18].
When the optical cavity decay rate is smaller than the mechanical resonance frequency
(κ < ωm) the system is in the so-called resolved-sideband regime [19] meaning that the
width of the cavity optical spectral line (green line in figure 1.2a) is smaller than the
separation from the sidebands (the red lines), which are represented in graph 1.2b as a
single line, red and blue, on each side, but in fact there can be more than one (at frequencies
ωc ± 2ωm, ωc ± 3ωm). In the unresolved -sideband regime (κ > ωm) the green curve can
incorporate two or more of the sideband peaks.
If the states of the mechanical oscillation are viewed as phonons, it could be said that the first
regime allows for the exchange of energy between the optical oscillator and the mechanical
oscillator in the form of one photon that becomes one phonon, while the unresolved regime
lets one photon generate many phonons. The first occurrence is preferable in experimental
setups where a high-precision interaction is meant to be observed, and especially it permits
cooling into the quantum ground state of the mechanical oscillator.
The green line in figure 1.2b is the spectrum of the driving laser that impinges on the
exterior of the cavity: when it is detuned from the resonance frequency of the cavity itself
(the black dotted line) it leads to an imbalance between the sidebands, quantifiable in the
parameter A±, that is the Stokes/anti-Stokes scattering rate of the laser photons into the
sidebands:
A± =
g2κ
8[κ2 + (∆± ωm)2] . (1.28)
The consequences of the detuning are felt in any quantity that shows dependency on ∆:
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(a) The resolved-sideband regime (left) versus the unresolved-sideband regime (right). [19]
(b) Sidebands created by the optomechanical interaction: they are separated from the external
laser frequency by ωm. From left to right, the no-detuning case, the red detuning and the blue
detuning. [14]
Figure 1.2
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• when ∆ = 0 the detuning is null, and the system behaves like a regular interferometer,
but also can be exploited for quantum non-demolition measurements [8]. The
effective oscillation frequency for the mechanical oscillator becomes equal to the
natural frequency ωm, and the same happens for γm;
• if the detuning is ∆ ' −ωm, then the hamiltonian becomes Hint ∼ δaˆbˆ+ δaˆ†bˆ† and
it describes a “two-mode squeezing” interaction, that leads to entanglement and
“mechanical lasing”, an unstable amplification of the the mechanical mode that can
trigger self-sustained mechanical oscillations;
• if the detuning becomes instead ∆ ' +ωm the hamiltonian becomes Hint ∼ δaˆbˆ† +
δaˆ†bˆ, which is a “beam-splitting” hamiltonian and the advantage of the anti-Stokes
scattering on the Stokes scattering (since A− > A+) results in the cooling of the
optical mode.
These hamiltonians are obtained by expressing the interaction hamiltonian in a rotating
frame with another unitary operator:
U ′(t) = ei(∆δaˆ
†δaˆ+ωmbˆ†bˆ)t (1.29)
thus obtaining
H ′o.m. = −h¯g[δaˆbˆe−i(∆+ωm)t + δaˆ†bˆ†ei(∆+ωm)t + δaˆ†bˆei(∆−ωm)t + δaˆbˆ†e−i(∆−ωm)t] (1.30)
and then of course by imposing the aforementioned conditions on ∆. If the detuning is
again different, the hamiltonian 1.30 only has oscillating terms.
By carrying on studying the equations, more and more effects can be brought to the
attention of the reader, but the subject is left to be explored in sources like [14] and [20].
1.1.3 Perspectives
From a theoretical point of view, optomechanics provides a possibility to study the
fundamentals of quantum mechanics on macroscopical objects: the gravitational waves
detector elements reach 1020 atoms (a few kilograms), even if smaller mechanical objects (105
atoms) are still massive enough to be beyond the limit of traditional quantum mechanics.
The advantage of being able to study the quantum properties of macroscopical items consists
in the availability of a unique test of the validity of quantum theories (superposition of
states, entanglement) by way of scaling the masses in a wide range, along with the possibility
9
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of observing the same object under the influence of both gravity and quantum mechanics,
perhaps concretizing the dream of quantum gravity experiments.
On a more practical side, optomechanics refines existing technologies such as laser optics
by making tunable optical filters, MEMS (by introducing MOMS, micro opto-mechanical
systems), and new chip architecures in silicon photonics, therefore possibly boosting again
the field of information processing. Sensing applications are also probable: not only does
optomechanics introduce new ways of dealing with damping and noise, thus increasing the
performance of microscopes or sensors that need precise mechanical parts, but it may also
become the core of new sensing technologies.
One enticing perspective is that optomechanical devices will make transducers and storage
devices for quantum information processing, in order to mediate or convert information
between distant quantum systems, couple qubits, even save bits of information.
Merging optomechanics with terahertz optics is a challenging project, because the optical
forces, that are the engine behind optomechanical applications, decrease with the frequency.
The advantages, however, are that quantum cascade lasers (the more versatile way to
generate THz radiation, as illustrated in the next section) are very small with respect
to the wavelength and they can be tailored in a great variety of shapes and well-defined
emission profiles; as a result they are versatile for integration in optomechanical platforms
(but also in optoelectronic integrated circuits), and above all they can be built as a part
of the optomechanical resonator, thus realising an active resonator instead of a passive
resonator with an external source of radiation. THz also implies a long wavelength, which
can in turn be exploited for subwavelength-precision control of the mechanical parts.
It is a very fresh idea, in a field that is just barely older, and one of the purposes of
this thesis is to start exploring the materials and processes that can be suitable for the
construction of a THz optomechanical resonator where an external cavity is implemented
with a mobile part (a nanomembrane), in order to build a self-controlled power-tunable
cavity.
1.2 Terahertz radiation
Terahertz radiation, as the name suggests, is the part of the electromagnetic spectrum that
falls between 0.1 ·1012 Hz and 10 ·1012 Hz, with wavelengths ranging from 3 mm to 0.03 mm.
Naturally occurring THz radiation can be found as part of the black-body radiation from
sources with temperatures higher than 10 K, but the difficulties in realizing articifial sources
and detectors led to what has been called “the Terahertz gap”, a technological gap that
10
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until 20 years ago limited the study and the comprehension of this particular region of the
electromagnetic spectrum.
The main types of lasers are gas lasers (such as He-Ne, CO2), solid-state lasers (doped
crystals), and semiconductor lasers. The gas lasers exploit the transitions between electronic
levels, rotational states and vibrational states of their molecules; solid-state lasers use their
dopants’ electronic levels, and semiconductors work as lasers thanks to the transitions
between bands. An energy jump in the range of THz frequencies is available only in
optically pumped methanol gas lasers, and in highly tunable lasers like the free-electron
laser (however, the FEL is not the most efficient, portable or commerciable way to obtain
a laser beam.)
Semiconductors offer a versatile and widespread material base for laser sources, but a
THz one would need an energy gap smaller than the typical one between conduction and
valence bands in usual bulk semiconductors. Hence in 1971 soviet scientists Kazarinov and
Suris [21] suggested a design with coupled quantum wells under an electric field. In the
quantum well, owing to electron confinement, each band splits into subbands, separated
according to the width of the well, and an electron transition between two subbands can
give origin to a THz photon, before tunneling in the upper subband of the next well takes
place and the electron experiences another transition.
The quantum cascade laser (QCL) relies on the quantum well principle, and it is achieved
by tailoring a long series of quantum wells (nanometric layers of semiconductors) in order
to realise a cascade of electronic transitions between subbands, producing a stream of
coherent THz photons, that a suitable resonator will turn into a laser beam [22].
Possible applications of THz rays are in telecommunications, where a small and low power
device such as the QCL would allow a wider band for wireless technology; they can also
be employed as sensors for astronomical (but not only) spectroscopy; moreover medical
imaging would benefit from it because the strong dependency of THz absorption on the
water content of biological tissues would make it an excellent instrument for monitoring
cancerous tissue (during surgery, for example). The main drawbacks are that an efficient
emission is not presently possible at room temperature, and that the absorption by water
also concerns the Earth’s atmosphere (except for a few narrow bands [23]), limiting the
operative distances.
11
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Figure 1.3: THz imaging of excised breast cancer tissue [24].
Figure 1.4: Terahertz imaging of a seed pod, taken from a distance of 23 meters with two
different imaging techniques [23].
12
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1.2.1 Quantum Cascade Lasers
The QCL was first experimentally demonstrated in the mid-infrared region by Faist and
others [25], who overcame two main obstacles between the QW concept and the actual
emission of radiation: first of all, electrons can scatter with optical phonons, in a time
(∼ ps) that is inferior to the radiative transition time between subbands (ns to µs for the
spontaneous emission), and, secondly, the injection of electrons in the series of quantum
wells induces an inhomogeneity of carriers that can in turn modify the properties of the
system, which relies on the fact that the wells are all equal elements of a superlattice.
Figure 1.5: Structure of the subbands involved in the lasing transition. The electrical
current applied to the QW fills level E3 with electrons; the electrons then decay to level
E2 through the radiative transition represented by the wavy arrow, and through the
phonon-aided transition that is the straight arrow. The passage between levels E2 and E1
is a subpicosecond relaxation that empties the E2 band fastly enough for the radiative
transition to take place. [25]
The first issue can be upturned in an asset for the population inversion: the subbands
are designed in order to build a three-level system (figure 1.5) where E3 − E2 is bigger
than the optical phonon energy, making the phonon scattering rate low (∼ ps) because the
transition has k‖ /= 0, while E2−E1 is smaller than the phonon energy, prompting a k‖ = 0
transition in a time close to 10−1 ps. The depletion of level E2 is therefore faster than all
the replenishing mechanisms, one of which is the radiative transition. The efficiency of
the laser depends on how the radiative transition compares with the E3 − E2 phononic
scattering, comparison that in turn depends on the rate of the stimulated emission.
The second obstacle was overcome by inserting doped injecting regions between active
regions (figure 1.6), to control the flux of electrons by collecting and cooling the decayed
electrons, before injecting them, thanks to a fast tunneling (' 10−1 ps), into level E3 of
13
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the next active region.
Figure 1.6: Schematic of the energy levels in the multiple quantum well
structure. [25]
The realisation of the above described heterostructure requires a high control growth
technique: the layers of the QCL superlattice are made of binary and ternary semiconductors
(in the THz usually GaAs and AlGaAs) with a precise composition; they are also doped
where needed, and their thickness is of the order of a few nanometers. QCL heterostructures
are grown via molecular beam epitaxy (MBE), a procedure that grants an accuracy of a
single atomic layer and a good composition control. The rough principle is the evaporation
of controlled quantities of materials on a substrate, but the MBE machine (figure 1.7) is
a sophisticated apparatus featuring a ultra-high vacuum chamber with a heated sample
holder that houses the crystalline substrate on which the growth will take place, and with
a few chambers where the desired materials are placed and heated until evaporation. The
chambers are closed by controllable shutters that release the vapors on the substrate, where
the atoms will assemble, following the existing symmetry (hence the substrate must be
similar to the atomic structure of the desired layers).
14
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Figure 1.7: Schematics of a MBE system [26]. The RHEED is a system that via electron
diffraction detects the composition and crystal structure of the substrate layers.
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1.2.2 Distributed feedback lasers
Once the lasing heterostucture has been created, the laser is not complete without a
resonator. Resonators have three properties: losses (photon lifetime inside the cavity),
confinement (the overlap of the mode with the gain region) and radiative efficiency (the
portion of radiation intensity that is coupled with the exterior). The confinement is given
by the waveguide built around the active region: the key to obtain a precise waveguide is
to select materials with different refractive indexes, in order to restrain the propagation
of the waves to the core material: however, terahertz radiation requires subwavelength
confinement, and the usual approach to semiconductor lasers (choosing dielectrics according
to their refractive indices) is not enough.
The THz waveguides are based on surface plasmons: metals have a negative dielectric
function for frequencies below the plasma frequency (ω  ωp), and a surface plasmon
mode is established at the interface with a dielectric. Its in-plane wavevector is larger than
its dielectric analogous, hence the perpendicular component must compensate by being
imaginary, and the field decays exponentially with the distance from the surface [22].
The THz confinement is obtained with a single-metal or a double-metal structure: in the
first case, a thin higly-doped layer is grown under the heterostructure, on a semi-insulating
substrate, in order to create another surface plasmon under the structure (otherwise a
semiconductor substrate would not suffice), while a metal layer is deposited on top of
the active region, with a confinement illustrated in figure 1.8; in the second case, useful
when the wavelength is long (frequency below 2 THz), the bottom contact layer is replaced
with a gold layer by wafer-bonding the original substrate on a host substrate. With the
double-metal waveguide the confinement is close to one, and the losses are not dramatically
increased with respect to the single-metal configuration.
To ensure that the laser output has only one mode, another step is needed, because the
simple waveguide would be enough for a Fabry-Pe´rot resonator, for example, but it would
not select a single wavelength nor it would allow a customization of the emission frequency.
The DFB (distributed feedback) [28, 29] resonator provides a Bragg scattering due to a
periodic structuring in the gain medium [30] (or in the cladding layer, or, in the present
case, in the metal waveguide): the radiation is scattered into a constructive interference,
along the whole length of the cavity (hence the term “distributed”).
By reasoning in k-space, the photons with a wavevector k0 are backscattered if the condition
2k0 = n · kB is satisfied, where kB = 2pi/d is the wavevector of the Bragg peak if d is
16
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Figure 1.8: Intensity of radiation in a single metal (a) and a double metal (b) waveguide. Γ
stands for the mode confinement factor (Γ = 1 would mean a perfect confinement), while
αw is the waveguide loss factor [27].
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the period of the DFB perturbation, and n is the order of the grating. The Fabry-Pe´rot
mode closest to k0 experiences an enhanced feedback and is thus favored in reaching laser
threshold.
Figure 1.9: Schematic of a possible DFB grating, where L is the period of the grating.
The periodic structuring is obtained by modulating the effective refractive index of the
waveguide along z [31], where z is the direction of the cavity length: this is easily achieved
in THz frequencies, since the optical mode peaks next to the metal top-cladding (see figure
1.8), which can be modified by means of lithography (see the second chapter), either by
selectively annealing stripes in the metal, or by engraving the semiconductor contact layer
below the metalization [28], or by etching slits in the top metal.
The DFB grating obtained with open slits in the metal top-cladding, like the ones fabricated
in the present work, exhibits the best performance: the openings act as a barrier for the
wave propagation because it cannot host surface plamons, thus scattering part of the wave
back and letting another part tunnel across the slit. A periodic series of slits will create
the constructive interference a´ la Bragg, and if the slits are thin enough the losses will be
minimal [32].
The slit metal approach also permits the construction of a DFB laser with a vertical
emission: if a second-order grating is etched in the metal layer (k0 = kB) there are two
eigenmodes of the grating, one symmetric and one antisymmetric. In principle only the
symmetric mode can radiate out of the device, but it is also subjected to high losses.
The surface emission in general becomes anyway possible because appropriate boundary
conditions can remove the antisymmetry [33] of the magnetic field components, that
otherwise will interfere destructively on the device’s surface: this can be accomplished
by the simple fact that the size of the device is finished, but it can be assisted by a
symmetry-breaking pattern design [33–35].
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Figure 1.10: Electrical field on a DFB laser made with open slits in the top metalization [36].
10 µm is the thickness of the active region of the laser, while λ is the period of the slits and
δ is the lenght of material left on the ends of the laser ridge (in the cited paper, smaller
than λ) to induce the finite size effects that improve the vertical emission.
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Chapter 2
Realization of the DFB laser
The present experiment revolves around two main elements: the distributed feedback laser
and the gold-polystyrene membrane. This chapter illustrates the design, the building and
the study of the laser alone.
2.1 The making of the device
As described in the first chapter, the medium of a THz laser is the quantum well het-
erostructure. The one used in the present work has been grown by Dr. Degl’Innocenti from
Cavendish Laboratory (University of Cambridge), by means of molecular beam epitaxy:
the layers’ composition of the active region is GaAs and Al0.15Ga0.85As, for a thickness of
12.6 µm, sandwiched between two 100 nm contact layers (silicon doped GaAs) and on a 250
nm etch-stop layer (Al0.5Ga0.5As), as shown in figure 2.1. The structure was documented
under the code V674, and this will be its name onwards.
Figure 2.1: The thickness is not to scale; the structure V674 is a superlattice made of 180
repetitions of the combination of materials between the two contact layers.
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2.1.1 Design
The waveguide architecture must suit the needs of the specific device, and in this case a
vertical emission is preferable, as it would make it possible to build a superstructure to hold
a mechanical oscillator (in a future evolution of the present experiments). Furthermore, the
emitted field should be concentrated in the center of the DFB ridge, so that it is possible
to build a long ridge without an edge dispersion of the radiation: the reason is that the
metal on the waveguide has to be wired, and the wires can be an obstacle for the oscillator,
which has to be less than 100 µm from the ridge.
A design that suits these needs is the graded photonic heterostructure (GPH) implemented
by Xu and al. [35] at the Universite´ Paris Sud in 2013: the metal slab on the laser is
opened in slits, like in a DFB laser, but not periodically (see figure 2.2); instead the spacing
between the slits is decreased from the center to the ends, creating a photonic barrier,
i. e. a difference between the frequency linked with the central spacing and the frequency
linked with the end spacing. The graded structure manipulates the competition between
the different modes by pushing the antisymmetrical modes to the ends, where they are
absorbed, and the symmetrical modes to the center, where the emission is more effective.
The higher the barrier, the more accentuated the effect.
Figure 2.2: Study of the GPH grating from [35]
A proper simulation of the system must be carried out, in order to predict the frequency
and the field shape of the emitted radiation, and a software that provides an accurate
physics environment is COMSOL MultiphysicsTM. To simplify the simulation, one needs to
devise an effective refractive index for the heterostructure, in order to avoid inserting the
hundreds of layers in the simulations: by weighting the quantities of AlGaAs an GaAs it is
possible to estimate an index, for frequencies around the THz, equal to n = 3.55− i0.005.
22
2.1 – The making of the device
Another escamotage is to stay in a two-dimensional space (3-D calculations are heavy,
and it has been already proved that 2-D approximations are accurate), playing with the
symmetry of the structure: the device in exam was represented (see figure 2.3) with a
slab of custom material (the heterostructure), two chromium pads (to absorb radiation
from the sides), a series of gold pads (that are actually empty space with perfect electric
conductor attributes) to design the graded photonic structure, and a chunk of air. The
third dimension would be the width of the structure (in figure 2.2, the y-direction), which
is not relevant for the purpose of the simulations, which is instead to find the right distance
between the slits in the gold superstructure.
Figure 2.3: The model used in COMSOL: the tiny white blocks are the gold pads,
represented by empty space surrounded by perfect electric conductor borders, a trick that,
again, makes the calculations less demanding.
One interesting anomaly was observed while sweeping the parameters of the simulated
device, in order to predict changes, defects and error margins: by changing the sign of
the photonic barrier, i. e. inverting the chirp, the shape of the electric field, both near
and far, did not change, as depicted in figures from 2.4 to 2.6. In the hypothesis that
the breaking of the symmetry alone is sufficient to exhalt the symmetrical modes and
suppress the antisymmetrical modes, both designs have been carried on, but due to a
scheduled closing of the clean room facility and to the unforeseen breakdown of one of the
machines (the dry-etching appliance ICP-RIE) only the inverted GPH has been brought to
full completion.
The active medium was designed to emit with a frequency of 3.1 THz, and the simulations,
modified with various photonic barriers and various steps, gave the most optimistic result
with a photonic barrier of 1/8 of the desired frequency, a central slit separation of 27 µm,
a final slit separation of 25.2 µm for the original pattern, and a central slit separation of
25.2 µm, a final slit separation of 27 µm for the inverted pattern; in both schemes 62 total
slits were drawn, with a slit width of 2 µm, for a total length of ∼ 2 millimeters.
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Figure 2.4: Simulation with the original direct chirp. The color scale represents the
logarithm of the norm of the electric field in arbitrary units, from red (maximum, in the
semiconductor waveguide) to blue (minimum, located in the chromium absorbers on the
sides).
Figure 2.5: Simulations with the inverted chirp; the distance between the central slit equals
the distance between the extremal slits in the original design, and viceversa. The grey
lines represent the x component of the electric field, and their orientation is a sign that
the mode is transverse magnetic (TM)
2.1.2 Production
The recipe for the making of a DFB double-metal laser from a QW heterostructure proceeds
according to the following steps:
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Figure 2.6: Far field profile of the original design (top) and the inverted design (bottom).
Only the far field emission of the modes with high Q-factor is shown; if the far-field shape
peakes perpendicularly (φ-angle = 90◦) with respect to the device, the emission will be
vertical. The high Q-factor (100-1000) means that these are the resonances with a longer
life, hence it does not matter if the simulation shows modes that do not emit vertically, as
long as they have a shorter life.
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• wafer bonding of the heterostructure on a host substrate,
• removal of part of the heterostructure, to expose the active region,
• metal deposition of the gold superstructure (the graded DFB, in the present case)
and of a chromium border,
• etching the laser rigde,
• metalization of the back of the host substrate, to ensure electric contact of the device,
• mounting and bonding of the device on a copper and ceramic pad, to make it
operational.
The heterostructure is delivered with a substrate that needs to be removed: in order to
do so, pure gold (about 500 nm, after a 10 nm chromium layer) is evaporated on the
heterostructure and on a sheet of n++-doped GaAs. The two pieces are then pressed
together on the gold side with the wafer-bonding machine, that puts them through a high
pressure and a high temperature, until the gold fuses and the two samples stick to one
another. Now the original substrate is removed by scraping (lapping with an abrasive
paste) the metal until a few tens of nanometers are left, then it is etched with a solution
of water, citric acid and hydrogen peroxide that removes everything to the protective
etch-stop layer; finally the stop layer is removed too, by a solution of water, hydrogen
peroxide and ortophosphoric acid (or by a solution of hydrofluoridic acid). The sample is
now as in figure 2.7b.
The next step is to manufacture the laser ridge (figure 2.7c), a complex process that
demands the following actions:
(a) electron beam lithography of the shape of the gold superstructure that provides the
distributed feedback (the red part in figure 2.8)
(b) thermal evaporation of gold on the sample
(c) production of a custom mask for the optical lithography
(d) optical lithography for the chromium border (the green part in figure 2.8)
(e) thermal evaporation of chromium on the sample
(f) etching the contact layer (the heterostructure needs to be exposed in the slits,
otherwise the vertical emission will be greatly suppressed)
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Figure 2.7: Three main steps of the fabrication process: wafer-bonding, lapping and then
etching/metallizing the ridge [27].
Figure 2.8: Computer-aided design for the lithography of the laser.
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(g) metalization of the back of the device
(h) optical lithography of a rectangle that surrounds gold and chromium (the blue track
in figure 2.8)
(i) final etching of the ridge, around the protective rectangle
Electron Beam Lithography or EBL (a) is a high-precision lithography technique made
possible by using a scanning electron microscope (SEM), together with a moving stage, to
draw the desired pattern: the sample is covered by a thin film of resist that is altered by the
electron beam, and then a bath of an appropriate solvent will remove either the exposed
resist (positive resist) or the non-exposed part (negative resist). Optical UV-Lithography
(UVL) follows the same principle, but an ultraviolet lamp acts as the source of energy. EBL
can be precise to a few tens of nanometers and it is highly customizable since the pattern
is designed by the user with a software that permits to tailor energy, speed and resting
time of the beam, but the EBL of detailed and large objects can become time-consuming:
for example, the DFB required large areas (∼ mm2) with small details (2 µm slits or less,
and the lithography of every ridge could take a couple of hours. The UVL, in exchange, is
very fast and therefore more cost-effective (the price of the two machines is roughly the
same, but an optical lithography takes minutes and covers a larger area, up to cm2); on
the other hand it is less precise, which is why it is perfect for the chromium borders and
the ridge, but not the gold layer.
In the present work, the resist of choice for the EBL was poly-methyl-metacrylate (PMMA)
dissolved in ethyl lactate. Two layers were spinned and baked on the sample, with different
PMMAs chosen according to the length of the polymeric chains: the underlying layer had
shorter polymers, so that when exposed to the electron beam it depolymerised faster than
the upper layer, leading to a pronounced undercut (figure 2.9b). The undercut is one of
the advantages of EBL when used before metal evaporation because it ensures a clean
liftoff (see figure 2.9a). Once the sample has undergone patterning in the SEM, the resist
is developed with a solution of methyl-isobuthyl-ketone (MBIK) in isopropyl alcool (IPA),
and the exposed part is washed away by a pure IPA bath; it is now ready for the deposition
(b) of 10 nm of chromium (adhesive aid) and 200 nm of gold in a thermal evaporator, which
is a vacuum chamber where higly pure metal fragments are heated over their boiling point
and diffused on the sample, with a control to an accuracy of the single a˚ngstro¨m.
The UV lithography, next in line, employs a mask to expose the desired pattern on the
resist, hence the fabrication of said mask is required (c): a quartz slide was coated with
evaporated titanium (10nm) and aluminum (100nm), then with PMMA in order to pattern
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(a) Steps of an electron beam lithography with a single layer of resist.
(b) Deposition, exposition, metal evaporation and
liftoff with two layers of resist: M is the lenght of
the polymeric chains.
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the mask by EBL; after the resist was developed, the slide underwent a dry etching with a
ICP-RIE machine (Reactive-Ion Etching by Inductively Coupled Plasma), a device that
produces a plasma of ionized corrosive gases (hydrogen chloride, boron trichloride and
others) thanks to a RF coil, then accelerates the plasma on the sample, thus etching away
the metal that is not protected by the resist. An alternative recipe is to use a wet etching,
immersing the patterned slide in a tetramethylammonium hydroxide solution to eat the
exposed aluminum. The dry etching is more reliable and guarantees cleaner edges, but in
the absence of an ICP appliance, the wet etching is a viable substitute. In this case, it has
been observed that the ICP-RIE is required only if one wants to manufacture a mask for
the gold metalization too, because the wet etching is not precise enough to preserve the 2
µm-wide slits (see figure 2.11).
Figure 2.9: Schematic of UV lithography, showing the difference between the use of a
negative and a positive resist.
After the gold deposition, the first UVL to be done is the one for the chromium border (d):
the optical resist (a propylene-based solution containing fluoroaliphatic polymer esters as
photoactive agents) is spinned and baked, and the sample is positioned under the mask
thanks to a mask-aligner equipped with a mercury-vapor lamp. After developement with
the same tetramethylammonium hydroxide solution used to etch the mask, the sample
is placed in the thermal evaporator for the deposition of 30 nm of chromium (e). The
chromium has the double function of absorbing the THz radiation at the edges of the
DFB, and protecting the heterostructure from the etching of the contact-layer (f), that
is accomplished by immersing the sample in a solution of sulphuric acid and hydrogen
peroxide.
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Figure 2.10: Working principle of the ICP-RIE machine: the RF coil (ICP source power)
generates the plasma, which is accelerated on the sample by the electric field (RIE bias
power).
Figure 2.11: On the left, a close-up of the wet-etched optical mask for the slits; on the
right the dry-etched equivalent (the latter is unkempt because it was a practice mask).
Figure 2.12: Two sections of the mask used for the UVL of the chromium borders and of
the laser ridge.
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Now the device-in-the-making will be momentarily glued to a support, in order to be
suspended upside down in the thermal evaporator, and have its back coated with 10-100
nm of Cr-Au, to optimize the electrical contact of the device (g). After, it will be ready
for the last lithography under UV light (h), with the purpose of etching the laser ridge
(i). This time, the UVL is realized on a negative resist, i. e. the exposed region of the
resist will stay in place after the developement and the unexposed part will be washed
away: the resist in use is a novolac resin melted in a PGMEA solvent, and the etching
will be performed thanks to a solution of ortophosphoric acid and hydrogen peroxide, that
erodes the heterostructure until the gold layers that were inserted with the wafer bonding
are exposed, leaving only the ridge (or ridges, because more than one laser per sample is
usually made) protected by the resist (figure 2.7(d)). The etching is ended as soon as the
underlying gold is visible, in order not to deteriorate the ridge from the sides.
All the wet-etching processes here described, except for the lapping procedure, can also
be processed as dry-etching in the ICP-RIE machine: the benefit of the ICP would be a
perfectly vertical etching, but the main disadvantage is that the sample cannot be observed
during the process in order to interrupt the etching if the corrosion is excessive. Hence the
process is chosen according to the availability, for example, of sacrificial samples to try
different etching recipes.
Three laser ridges have been completed from the heterostructure V674, on two samples:
• one ridge on the sample M3-B2, 200 µm wide,
• two ridges on the sample M2-A1, with widths of 200 µm (A) and 400 µm (B).
The two samples have been treated according to slightly different recipes: the sample
M3-B2 was coated with a single layer of PMMA instead of two layers, and this caused a
less-than-perfect lift-off of the evaporated gold, in particular on the slits. The result is a
DFB laser where the feedback is not given by openings in the gold layer, but by small
plateaux. The emission, however, might be suppressed vertically due to the lack of slits.
Both the samples carried the inverted GPH design instead of the original one: even though
the intention was to make more samples with both patterns, the time needed to optimize
some of the recipes (particularly the wet-etched masks) led to a last-minute race to finish
at least one series of devices before a scheduled upgrade of the cleanroom, that implied a
two-month closure, after which other parts of the present work took a higher priority.
When the sample is finished, it is necessary to mount it on a copper support, which will
complete the device and make it viable for the electrical connection. In figure 2.16 the
mounted devices are shown: they are glued to a copper wedge thanks to a conductive
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Figure 2.13: Detail of the sample M2-A1 after the gold evaporation, and a larger view
after the chromium evaporation. Photographs were taken with an optical microscope.
Figure 2.14: SEM image of the sample M3-B2, already wired.
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Figure 2.15: SEM image of sample M2-A1 after the last etching: the ridges A and B are
the ones clearly matching the non-etched region in picture (a). Picture (b) is a detail of
an etched ridge: the eroded heterostructure shows a slight undercut under the protective
chromium border, typical of wet-etching processes. Picture (c) is a magnification that
shows the open slits, and in (d) a detail of the single slit, noting that the gold deposition
formed a clean and vertical wall.
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indium glue, and gold coated ceramic pads are glued next to it (with a regular adhesive
paste instead, as they must be insulated) according to the architecture of the sample,
bearing in mind that the copper will act as the ground. Thin gold wires are soldered to
the ridges and to the pads thanks to a wedge bonder, an instrument that uses ultrasounds,
heat and pressure to fuse the wires on the pads and on the sample.
(a) (b)
Figure 2.16: The samples M3-B2 (a) and M2-A1 (b) under the wedge-bonder microscope.
The needle, in which the gold wire is threaded in order to be precisely placed, is visible,
slightly out of focus.
2.2 Characteristics of the DFB
Once the device is operational, the emission power, the sensitivity to the temperature, the
frequency of the mode (or modes) and the field profile are studied. QCL-based devices
give the best performances at temperatures of 8–10 K (200 K is the maximum working
temperature to date [37]), hence a cryostat is needed.
2.2.1 Current-voltage and current-power curves
The first measurement to be taken is the study of the current-voltage (I-V) curve of the
device, in parallel with its current-power (I-P) behavior, if there is any emission: in fact,
this serves also as a test of the working status of the laser.
The cooling is achieved thanks to a helium-based closed-cycle cryostat attached to a gas
compressor, and wired to a PID temperature controller: the temperature is set by the user,
who checks how the I-V and I-P dependencies are affected by the rising temperature.
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Figure 2.17: Diagram of a closed-cycle cryostat. The pump in use is a turbomolecular
pump, for a vacuum of 10−6 millibars.
Figure 2.18: The sample M2-B1 mounted on the cold finger of the closed-cycle cryostat.
The red wires are the electrical contacts, and the cold finger acts as the ground: by selecting
which wire is connected to the current supply, the laser to activate is also selected.
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Figure 2.19: The cryostat locked and pumped. The white opaque window is made of
polyethylene, that is transparent to THz frequencies but not to visible light.
The current is fed to the system by a pulse generator, because QCL-based lasers require an
AC stimulus, for the reason that a rise in the temperature (consequential to Joule effect)
decreases the emission in a countinuous current regime, and also that the heterostructure
can be damaged by excessive current. The figures of merit, when QCLs are involved, are
the pulse width (PW), the frequency of the pulses (FP) and their ratio, called the duty
cycle (DC% = PW/FP), that marks the total percentage of time in which the laser is
actually turned on. On top of the pulses, another interruction in the signal is given by
means of a function generator that drives both the pulse generator and a lock-in amplifier
with a frequency that is suited to the integration time of the measurement equipment. In
this case, the measure is carried by a pyroelectric sensor placed as close as possible to the
laser source.
In figures from 2.21 to 2.23 the I-V and I-P curves of the three lasers, taken at different
temperatures, are reported. For the second laser, i. e. the thinner ridge on the sample
M2-A1, only one temperature is shown because it suddendly stopped working; the I-V
relationship as depicted on the oscilloscope went from laser-like to capacitor-like (a square
current impulse returned an exponential dampening in the voltage instead of a square
37
2 – Realization of the DFB laser
Figure 2.20: Instruments and connections on the optical bench during the I-V and I-P
charachterization.
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waveform), meaning that the heterostructure was compromised. In advance it was possible,
to obtain one map of its far-field emission, as shown in section 2.2.3.
The maximum continous wave power extracted from the sample, at a duty cycle of 0.2% at
a temperature of 9 K, was 0.12 µW for the ridge M3-B2, 0.26 µW for the ridge M2-A1-A,
and 0.17 µW for the ridge M2-A1-B, meaning that the maximum peak power among all
three samples is 130 µW.
Figure 2.21: Sample M3-B2
2.2.2 Frequencies of emission
From the data gathered in the previous section, it is apparent that 80K is still a reasonable
working temperature for the lasers, which makes it possible to use liquid nitrogen in the
next setup: a measurement of the frequencies of the modes is accomplished thanks to a
FTIR (Fourier Transform InfraRed spectrometer), paired with a bath cryostat. A bath
cryostat, in figure 2.24, is the simplest cryostat there is: the refrigerating agent (in this
case, liquid nitrogen, but any other gas or liquid will work) is poured in the hollow cold
finger, which is surrounded by a vacuum shell.
The laser is placed as a source in the FTIR spectrometer and it is activated by the pulse
generator, its current and voltage kept in check with the oscilloscope. The FTIR (figure
2.25) is a spectrum analyser usually meant to read the absorption spectrum of a sample by
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Figure 2.22: M2-A1 A
Figure 2.23: M2-A1 B
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Figure 2.24: The bath cryostat during operation.
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measuring its transmission spectrum: the radiation comes from a broadband light source
and passes through a Michelson interferometer that has a moving mirror. The sweep of
the mirror scans the interference pattern with a sensor reading the quantity of transmitted
radiation. An algorithm then exploits the Fourier transform to convert the signal as a
function of the mirror position into a wavelength-dependent spectrum.
If no sample is placed in the FTIR, the measured spectrum will be the emission spectrum
of the source, therefore by replacing the original source with the lasing DFB, its emission
spectrum is obtained.
Figure 2.25: Structure of the FTIR.
In figure 2.27 the spectrum of the sample M3-B2 is depicted. This sample broke down
during this very analysis, leaving as sole working laser the ridge B on sample M2-A1. In
figure 2.28 the sample M2-A1-B is studied, finding that there are three modes of emission,
at 2.833 THz, 2.902 THz and 3.055 THz. The strongest mode is the one at 2.833 THz, that
is a mismatch of roughly 10% with the intended frequency of ∼ 3.1 THz. The reason of this
is probably that the effective refractive index differs from the one used in the simulations,
or other parameters could be imprecise. The issue, however, can be corrected with a bit of
reverse engineering, to remodel the slit distances.
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Figure 2.26: Diagram of the experimental setup for the spectra measurements.
Figure 2.27: Spectrum of malfunctioning sample M3-B2.
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(a) 15.5 volts.
(b) 16.7 volts.
Figure 2.28: Spectra of sample M2-A1-B at different voltages: the I-V curve is explored,
for the purpose of finding if there is a voltage at which a single mode emission is triggered.
In 2.28a two main modes are seen instead of three, hence the field analysis (next section)
will focus on the 15.5 V point of the I-V space.
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(a) 17.3 volts.
(b) 18 volts.
Figure 2.29: Other spectra of sample M2-A1-A at different voltages.
2.2.3 Field shape analysis
The last study to be performed on the lasers is mapping the far-field emission, with the
purpose of investigating the shape of the far fields and of determining how efficiently the
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emitted light can be collected by optical components. To do so, the sample is placed again
in the closed-cycle cryostat, and the pyroelectric sensor is mounted on a moving scaffold,
programmed to sweep the space in two dimensions; the measurements are plotted in figures
2.30, 2.31 and 2.32.
It is noteworthy to see how two lasers with the same pattern but different widths display
radically different fields: one hypothesis is that a wide ridge might also enable radiative
transverse modes that are antisymmetric with respect to the x-axis of the device (see figure
2.33), which may lead to interference.
In figure 2.34 the far field of a GPH laser, 130 µm wide, is represented: the emission of
the sample M2-A1-A is still very similar to the DFB field shape, since the double peak
is present, but the diffraction is less pronounced, which is a satisfactory result since a
spatially focused field is suitable for an optomechanical setup. The field of the ridge B,
however, is very different from the GPH expectation. Since the dispersed field will make
the emission difficult to focus in general, and useless in a optomechanical resonator in
particular, it is advisable to keep to a thin ridge in future designs.
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Figure 2.30: Far field of the sample V674 M2-A1-A. The devices are put vertically with
respect to the measured field, hence the light is diffracted horizontally.
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Figure 2.31: Far field of the sample V674 M2-A1-B.
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Figure 2.32: Far field of the sample V674 M2-A1-B, centered on the maximum from the
previous plot. This aligment could show if the sample is a bit tilted and its field is therefore
off-center, but this is not the case.
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Figure 2.33: Lateral profile of the field shape for the two different ridge widths: the thin
ridge has a thin border of uninterrupted gold, which apparently is not wide enough to
allow radiation modes that peak on the border, therefore only modes that are centered
on the slits are excited (mode 1). The wider ridge, instead, has also wider gold borders,
and possibly they allow the emission of an antisymmetric mode (2). In this case, the
components of mode 2 would interfere destructively.
Figure 2.34: Image from [35], showing the comparison between the far field of a DFB laser
with a periodic grating (left), and the far field of a GPH laser (right).
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Chapter 3
Study of the membrane and
conclusions
3.1 Nature of the membrane
The membrane is made of polystyrene and gold and it was fabricated at the Micro-
BioRobotics research division, at Scuola Superiore Sant’Anna, by a team specialized in
studying and realising biocompatible polymeric ultra-thin films supervised by Dr. Mattoli.
The technique used to make this membrane, that has a thickness of 220-260 nanometers,
is the spin-coating of two layers on a silicon support, where the top layer is a solution of
polystirene in toluene, and the bottom layer is a sacrificial layer of polyvynil alcool; when
dry the layers are covered with gold (for a thickness of 40 nm) by sputter deposition, and
finally the wafer is immersed in water, so that the dissolution of the polyvynil alcool layer
frees the polystyrene and gold membrane, which is picked up from the water (the sequence
is depicted in figure 3.1). If the membrane is picked by placing the aluminum support ring
underneath it, it will stay robustly attached to the metal.
This membrane in particular is suitable because the mass is more or less 10−8 kilograms and
the quantity of matter is ∼ 1016 atoms, and the biggest optomechanical micro-oscillators
have masses of 10−10 kilograms and are formed by 1014 atoms: the object in exam has an
average area of 5 millimeters square, which is big enough to speculate that a downsizing
to dimensions that are fit for an optomechanical oscillator is technologically possible.
Moreover, polystyrene is an inexpensive material and the spin-coating technique is very
quick and adaptable to other polymers.
Six variations of the film were made, and the membranes were attached to custom aluminum
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Figure 3.1: Fabrication steps of the membrane; this image comes from [38], where a film of
a different composition is described, but the process is the same.
Figure 3.2: Photograph of one of the membranes; the diameter is 5 millimeters. Note
how it is not under tension, but it is a bit loose: this helps because it avoids the need to
study the elastic response of the membrane. It is worth remembering that this is just a
preliminary test of the suitability of the membrane to be deformed by radiation pressure.
If used instead in an optomechanical setup, it will have to act like a mechanical oscillator,
hence the elastic behavior of a tense membrane might be preferable.
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rings (like the internal ring in the picture 3.2):
• spinned at 3000 rpm, thickness 260 nm, diameter 5 mm,
• spinned at 3000 rpm, thickness 260 nm, diameter 8 mm,
• spinned at 3000 rpm, thickness 260 nm, diameter 11 mm,
• spinned at 5000 rpm, thickness 220 nm, diameter 5 mm,
• spinned at 5000 rpm, thickness 220 nm, diameter 8 mm,
• spinned at 5000 rpm, thickness 220 nm, diameter 11 mm,
all of which were coated with ∼50 nm of gold, to provide a reflective surface, since radiation
pressure is proportional to 1 +R, where R is the reflectivity of the material (close to one
for the THz frequency [39]).
3.1.1 Simulation
The general behavior of the membranes was estimated with a simple back-of-the-envelope
calculation where the membrane was compared to an elastic band made only of polystyrene,
pushed laterally by the force of the radiation pressure (see figure 3.3): the displacement
was evaluated approximately as
Figure 3.3: Approximation of the membrane used in equation : the equation for a three-
dimensional elastic square prism was used, picturing the force F as a traction on the
elastic.
z ' d
h
√
F
Y
(3.1)
where d is the diameter, h is the thickness, F is the radiation pressure force and Y is the
Young modulus (1 Gigapascal). The order of magnitude of the result is 10−6 meters, hence
1 µm, with a diameter of 5 mm, a thickness of 200 nm, a Young modulus of 1 GPa and a
force of 1 pN, derived simply by
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Frad.press. =
W
c
(3.2)
where W is the laser power (3 mW) and c is the speed of light.
A more refined simulation was then carried with COMSOL MultiphysicsTM, by building a
circular membrane and examining the deformation, in order to confirm the validity of the
approximate calculation.
It is a very simple solid mechanics representation: a 5 millimeter membrane made with
a 200 nanometers thick layer of polystyrene, a 40 nanometers thick layer of gold and a
point-like body load of 1 piconewtons, with the only parameters in play being the Young
modulus, the Poisson ratio and the density of the two materials.
In figure 3.4 one outcome of the simulation is represented, showing a central displacement
that amounts to 30 µm: this is ten times more than the observed value (between 2 and 8
µm, according to diameter and thickness of the membrane), which surprisingly turned out
to be closer to the approximate evaluation in equation 3.2.
Figure 3.4: Simulation outcome with a 1 pN force, a 12 mm diameter and a thickness of
200 nm (polystyrene) plus 40 nm (gold). The total displacement changed linearly with the
diameter: a 6 mm diameter would lead to a 15 µm deformation.
3.2 Analysis with visible light
The basic idea is to detect the displacement by using the membrane as one of the mirrors
of a Michelson-Morley interferometer: the interference fringe displacement at the exit
will provide a readout of the membrane deformation, with a precision comparable to the
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wavelenght of the source of choice: in this case, a red He-Ne laser with a wavelength of 633
nanometers, which acts both as a measuring tool and as the force on the membrane.
The key elements in the interferometric setup (figure 3.7) were:
• a vacuum chamber
• an objective
• a CCD camera
The vacuum chamber was custom-made to house the membrane on its supporting rings:
vibrations of the air, such as the convection of the heated air next to the laser-struck
membrane or the air-conditioning flux, were enough to compromise the measurement either
by destroying the interference pattern or because of the excessive signal-to-noise ratio. The
design of the vacuum chamber is in figure 3.5, and pictures of the front and the side of the
chamber are in figure 3.6. The body of the chamber was shaped with a metalworking lathe
from an aluminum block, and two windows were cut from plexiglass and from cyclic olefin
copolymer (COC), known to be transparent to both THz and the visible spectrum.
Figure 3.5: Design of the vacuum chamber.
The membrane also wouldn’t provide a smooth surface for the reflection of the laser beam
because of small creases and wrinkles: this issue was overcome by using an objective to
focus the spot on a very small area of the membrane (1/10 millimeters in diameter) and to
enlarge the reflection back to a beam as wide as the incoming ray, so that the interference
pattern is well visible.
The high-resolution CCD camera proved to be very useful to observe the interference
pattern: the pixel size was 6.45x6.45 µm2, and the resolution of the camera was 1.4
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megapixels, hence more than enough to discern the fringes even if the beam is not very
divergent. For example, the camera recorded fringes not resolved by the human eye. It
also permitted to adjust the exposure to the laser power and to film the fringes during the
displacement with a temporal resolution of 25 frames per second: it was the study of each
video to permit the detection of the deformation of the membrane by manually tracking
the fringes on each frame, thanks to a tracking software (ImageJ).
Figure 3.6: Front and side of the vacuum chamber, with the membrane already placed
inside.
Figure 3.7: Photograph of the interferometric setup: the launcher is a photographic
objective, used to focus the laser beam on the membrane.
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3.2.1 First setup: one He-Ne laser
The first interferometer (figure 3.7) was very simple: the He-Ne laser was put behind a
graduated filter wheel of known trasmittance, the beam was divided by a beam splitter in
two rays, one of which hit a simple plane mirror, and the other hit the gold-coated face
of the membrane in its vacuum chamber. The exit beam from the beam splitter is then
directed through a diverging lens, ending on the sensor screen of the CCD camera.
Figure 3.8: Example of screen capture from the CCD camera: the red color marks the
overexposed pixels, which was useful in tracking the maxima of the interference pattern.
The membranes proved to be extremely delicate, to the point that two of them (the samples
with the 11 millimeter diameter, more easily breakable because of the larger area) burst
during the pumping of the vacuum and therefore were not tested. The four surviving
membranes gave the results listed in figure 3.13.
The outcome is smaller than the prediction from the simulations but it is fairly consistent
from one membrane to the other: the thicker and the smaller the membrane, the smaller
the deformation.
When a second set of membranes was needed, only the samples having 5 millimeters in
diameter and 260 nanometers in thickness were requested, because the robustness was
preferable even if it meant a smaller displacement.
3.2.2 Second setup: two He-Ne lasers
The main uncertainty about the results previously displayed was to determine whether
they were due to radiation pressure or to a thermal expansion (or other thermal effect),
and one way to confirm was to point two lasers at the two faces of the membrane, in order
to observe the direction of the displacement: first laser number 2 was kept at its minumum
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Figure 3.9: Diagram of the displacement of the center of the membrane, for the sample with
5 mm of diameter and 260 nm of thickness: the two tracks represent two measurements
taken at different times, each preceded by a ex-novo alignment of the interferometer. The
goal was to verify the repeatability of the measurement.
Figure 3.10: Displacement of the center of the membrane having the diameter of 5 mm
and the thickness of 220 nm.
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Figure 3.11: Displacement of the membrane having the diameter of 8 mm and the thickness
of 260 nm: the green line represents the displacement exactly at the center of the membrane,
while the blue line is the displacement at 2 mm from the center. As expected, the off-center
displacement is less pronounced. The latter was however a very difficult measurement to
obtain, enough to discourage repetition.
59
3 – Study of the membrane and conclusions
Figure 3.12: Displacement of the center of the membrane having the diameter of 8mm and
the thickness of 220 nm: this sample did not display a linear growth of the deformation
with the light intensity, probably because the inflation altered the localized wrinkles and
the beam was reflected by a bump in the membrane
Figure 3.13: Displacement of all the membranes in the first setup, compared: the largest
resulted to be the one of the thinner and larger membrane.
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power and the power of laser number 1 was raised from zero to maximum (3 milliWatts),
then laser number 1 was kept at the minimum possible power that allowed the interference
pattern to be discernible on camera, and the second laser power (30 mW) was modified
with another filter wheel.
Figure 3.14: Photograph of the interferometric setup with two lasers.
The results show that the displacement does not follow the foreseen behavior: by comparing
figures 3.15,3.16 and 3.17 it is evident that the fringes move in the same direction (up)
when the power of laser 1 is increased and when the power of laser 2 is increased. The
expectation, however, is that the interference pattern moves in opposite directions when
the input power is growing on opposite sides of the membrane.
The membrane is therefore inflated on the same side regardless of which side is exposed to
the growing radiation, and furthermore the displacement is not the same: a 1 mW variation
on the gold side (the side on which the first laser is placed) elicits a 2.5 µm deformation,
while a 6 mW variation on the polystyrene side gives less than 1 µm.
The best estimate is that the gold layer and the polystirene layer withstand an unmatched
thermal expansion that distorts the membrane always in the same direction, regardless of
the laser orientation. The linear thermal expansion coefficients of polystyrene and gold
are 70 · 10−6K−1 and 14 · 10−6K−1 respectively, which would suggest that the polystyrene
side of the membrane expans more, causing the inflation. However, thin film dynamics
are strongly dependent on the film thickness and studies on polystyrene thin film are still
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Figure 3.15: Displacement of the membrane at the variation of the power of laser 1: the
x-axis shows the frame number from the filmed, and the blue line depicts the displacement
of the interference fringes, while the green line shows how the power of the laser is changed
during the filming. In the corner a single frame is pictured, with a red arrow pointing in
the direction of the fringes’ motion.
Figure 3.16: Displacement of the membrane at the variation of the power of laser 1: the
power was decreased in time, and the red arrow shows how the fringes were moving in the
opposite direction, as expected.
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Figure 3.17: When varying the power of laser 2, the displacement was observed only in a
very small portion of the filter range, between 3 and 9 mW, hence the time during which
the displacement could be observed was very short. The graph shows the displacement
being stimulate three times, leading the power laser up and down three times.
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underway, to the point that details on its thermal behavior in this particular thickness have
not been found in literature. Thickness dependency of thermal conductivity on polystyrene
thin films has been explored in [40], but for non-free-standing samples having a much
smaller diameter than the ones hereby studied.
3.3 Analysis with the THz beam
Despite the fact that radiation pressure was not the cause of the membrane deformation,
a displacement indeed took place, it was reproducible, and it was proportional to the
variation of the light intensity: one of the purposes of the thesis is to evaluate whether it is
possible to build a resonance cavity with a moving part, the motion of which is influenced
by the radiation intensity inside the cavity, and the possibility is still open, even if the
mechanism is different than expected.
The next step is to replicate the results with a THz beam. The DFB lasers assembled
during the course of this thesis did not emit a power that is sufficient to elicit a detectable
displacement of the membrane: therefore the sample stock in the optics laboratory was
searched for a more powerful laser.
A good fit was found in the sample named A3914 (see figure 3.18) a QCL laser with a
smooth single metal waveguide, meant to emit radiation from the short side of the laser
ridge, with a recorded power of 250 microwatts at a 10% duty cycle.
Figure 3.18: Laser A3914
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3.3.1 Third setup: one He-Ne laser and one THz laser
Figure 3.19: Photograph of the third interferometric setup.
The laser is cooled with a Stirling-type cryocooler (see picture 3.20): the cryocooler is a
standalone refrigerator based on a regenerator, that is a matrix of a solid porous material,
such as granular particles or metal sieves, through which a gas (helium, usually) flows
back and forth thanks to a pair of pistons. The regenerator has a large heat capacity and
connects two regions of space with different temperatures: the pistons follow a compression-
expansion cycle that lowers the temperature on the cold side and raises the temperature on
the warm side (which is dissipated by fans) and pushes the gas from one side to another;
a cold finger with a sample holder is placed on the cold side of the cooler, and a PID
controller regulates the temperature. The working temperature of the Stirling cryocooler
used in the present work is 26/27 K.
The laser was controlled by the same equipment described in the second chapter: a pulser
powered the laser with square pulses, a waveform generator controlled both the pulser and
the lock-in amplifier, and a pyroelectric sensor was connected to the amplifier and placed
in front of the cryostat to detect the THz emission.
The archive data (dated september 2014, three months prior to the measurement here
described) of the A3914 sample are reported in figure 3.21.
In order to find the waist of the THz beam, two transparent polyethilene convergent
lenses are placed in front of the cryostat window and a pyroelectric sensor is swept in
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Figure 3.20: The sample A3914 mounted on the Stirling’s cold finger.
Figure 3.21: Current-voltage and current-power curves of the laser A3914, on a 10% duty
cycle.
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the surrounding space until it displays a global maximum: but while this operation was
conducted, it was noticed that the output power was lower than expected: a duty cycle of
20% brought a power of 60 microwatts, barely one quarter of the recorded maximum power:
this means that during this time the laser was deteriorated. In fact, it is reported that its
power when it had just been fabricated was almost ten times larger than the measurements
made on september 2014. The theoretical results suggest that 60 µW will not give rise to
a detectable displacement, since in equation 3.1 the displacement z would result in a value
around 0.1 µm. The prediction complies with the physical results shown by the graphs in
section 3.2.2, where a power variation of 500 µW elicits, at best, 1 µm. Extrapolating from
such data, 60 µW would confirm a 0.1 µm deformation, smaller than the resolution of a
He-Ne Michelson-Morley interferometer (0.6 µm). A set of measurements was conducted
nevertheless, to verify the prediction and to attempt other possible setups.
3.3.2 Results
The result of the interferogram analysis is shown in figures 3.22 and 3.23: there is no
detectable displacement, and the noise is comparable with the signal.
Figure 3.22: Displacement of the membrane under the THz beam.
Two other techniques were used, to make sure that no displacement was happening: the
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Figure 3.23: Displacement of the membrane under the THz beam, second measurement.
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first technique consists of observing the direct reflection on the membrane (image 3.24)
and comparing the change in the reflected shape with the He-Ne beam and the THz beam.
Figure 3.24: Setup for measuring the reflection.
The second techinque consisted in replacing the digital camera with a power sensor attached
to the lock-in amplifier and preceded by a pinhole narrow enough to distinguish a dark
fringe from a bright fringe: a long path was required to achieve this condition (> 2 metres
to obtain fringes that were 1 millimeter wide), which is why in all the other measurements
the high resolution camera was preferred. The readout from the sensor was recorded (figure
3.26, again showing no movement of the membrane).
3.4 Conclusions
The purpose of the present work was to determine if the polystyrene/gold thin film is a
suitable material for the mechanical parts of future THz-based optomechanical experimental
setups; as a byproduct, a new model of DFB structure was also realised and evaluated.
The DFB with the reverse graded photonic grating proved to be less efficient than its
original counterpart [35], but in the sample bearing the thinner waveguide (M2-A1-A)
the emitted far field was concentrated in the center of the laser ridge, indicating that the
breaking of the symmetry in the grating is sufficient to focus the emission. However, since
the purpose of the laser in the present application was to achieve an enhanced intensity of
the emission, the original design would be a better choice in a future project.
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(a) 1440 uW (b) 1300 uW (c) 697 uW (d) 415 uW
(e) 25 uW (f) 35 uW (g) 45 uW (h) 60 uW
(i) 25 uW (j) 35 uW (k) 45 uW (l) 60 uW
(m) 25 uW (n) 35 uW (o) 45 uW (p) 60 uW
Figure 3.25: In the first row the change in the reflection operated by simply changing the
power on the He-Ne laser (in captions) is depicted; rows from second to fourth show the
reflection of the membrane when the THz power (in captions) was varied, taken at different
powers of the He-Ne beam.
The results have been inconclusive regarding the use of the polystyrene membrane: due to
the lack of an appropriately powerful THz source it was impossible to evaluate if, on equal
terms of emission power, the membrane was suitable for both visible and THz radiation.
However, the He-Ne radiation caused the expected deformation, and the fact that radiation
pressure was not the causal mechanism is not a deterrent to further investigation on the
subject: photothermal effects are in fact a recognized source of optomechanical interaction,
and a study on these effects (especially the frequency dependency) combined with research
on the material and thermal properties of polystyrene should clarify many point left
unresolved by the present work.
Besides the fabrication of a suitable THz laser, the main challenges that must be addressed
are the fragility of the membrane and the intrinsic uncertainties of the measurements
performed with the Michelson and Morley interferometers: finding the ideal alignment for
the reflection was a hard and long work requiring dexterity and patience (as a reference,
two or three weeks of continuous effort were needed to obtain a single recording of the
moving interference pattern). Despite the fact that the vaccum chamber screened the
membrane from the vibrations of the air, other mechanical noise sources were still present,
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Figure 3.26: The I-V curve of the laser A3914, and the output from the power sensor. The
pinhole was positioned on a dark fringe, hence the expectation was to see the signal rise,
and it would have been for a current above 0.5 Ampe`res, confronting with figure 3.21. The
two powers in the legend are the power of the He-Ne laser, while the THz input power
grew with the current, from 0 to 60 µW.
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even if all the optical parts were built on high-performance vibration-isolated tables. Such
noise sources were for example the vacuum pumps, involved both in the setup and in the
surrounding cryostats, and because of the human element (e. g. the output power of the He-
Ne laser was regulated by rotating the filter wheels by hand). Both issues could in principle
be solved by choosing a smaller membrane diameter: the film would be more robust and
less sensitive to the external noise due to vibrations, but in exchange the deformation
would be proportionally smaller and the wavelength of the He-Ne interferometer might not
be enough to resolve the deflection. The measurement setup would then have to change
completely, and also it should reduce the human intervention: a tentative proposal could
be a FTIR spectrometer, whose optical path should include the membrane as a mirror and
deriving the length of the path from the Fourier transform. Another candidate could be
a laser Doppler vibrometer, normally used to make non-contact vibration measurements
of a surface by extracting vibration amplitude and frequency from the Doppler shift of
the reflected laser beam: pairing it with a radiation pressure source would give a direct
assessment on the optomechanical behavior of the membrane.
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